Abstract The DTA/TG and calorimetric measurements were applied in testing the effect of fine-grained waste expanded perlite as an active component of cement mixtures. The studies were performed with aim to evaluate the kinetics of cement hydration and the modification of phase composition in the presence of additive. The series of mixtures were produced with perlite 2-35 % added to cement. The acceleration of cement hydration was proved due to the pozzolanic reaction between the active amorphous fine-grained perlite. An attempt to elucidate the mechanism of cement-perlite interaction was presented, based on the results of bound water content by TG measurements.
Introduction
Perlite is an amorphous volcanic rock occurring mainly in the Mediterranean Sea area. Due to its glassy structure and high silica and alumina content, perlite can be classified as a natural pozzolanic material. The properties of natural perlite as a supplementary cementing material have been mentioned in some reports [1, 2] . Crude perlite is ground and subjected to the short thermal treatment at temperature 900-1000°C. This results in expandation of material due to the presence of 2-6 % chemically bound water releasing with the formation of numerous pores in the structure. The pores are surrounded by an amorphous, sintered mass. As a consequence, expanded perlite shows very good insulating properties, and therefore, it can be used as lightweight aggregate in the lightweight mortar/concrete. However, a huge amount of fine-grained by-product is delivered when the natural perlite is processed. This by-product is a material of very low bulk density (50-150 kg m -3 ). Therefore, several problems appear, dealing with the hazard of dusting, as the transport and storage are concerned. The density, microstructure, mechanical properties, durability and generally the advantages and inconveniences related to the waste expanded perlite application have been reported in some works [3] [4] [5] [6] . Obviously, this expanded perlite reveals very good pozzolanic activity too, and it can be considered as an artificial pozzolanic material, contributing to the formation of hydration products. The properties of perlite composites can be shaped by the proportions between the main constituents and by use of modifiers [3] .
The investigations reported in the paper were performed in order to explain the influence of new material-ground waste expanded perlite on the hydration of ordinary Portland cement. In this work, the cement-waste expanded perlite mixtures were produced. The kinetics of hydration was evaluated with the help of calorimetric method; this method appeared many times as a best way to obtain basic information dealing with the hydraulic activity of many binders of different origin [7] [8] [9] . There are some data dealing with the kinetics of heat evolution in cement-natural perlite systems [2] , as well as in the waste expanded perlite-cement systems [3] . However, because of the complexity of factors affecting the hydraulic activity (e.g., chemical composition of cement and perlite materials), the detailed investigations are needed in every particular case. The hydrated mixtures were examined by DTA/TG/DTG methods to separate the bound water from different hydrated phases and to correlate these data with those relating to the pozzolanic reaction of expanded perlite versus time of maturing.
Experimental Materials
Waste expanded perlite (WEP) was produced in the commercial perlite expandation installation. Figure 1 shows the grain size distribution of waste expanded perlite as well as the ground waste expanded perlite after grinding. Table 1 presents chemical composition of waste expanded perlite used in experiments, as determined by XRF [X-ray fluorescence spectrometer (WD-XRF) Axios mAX 4 kW, PANalytical, equipped with Rh source].
As it has been shown in the previous work [10] , waste expended perlite is pozzolanic by its nature, but due to its high porosity and cellular microstructure (see Fig. 2 ) it cannot be used as an effective supplementary cementing material ''as received.'' Therefore, the grinding was applied as a simple way to increase the expanded perlite reactivity. In such a way, its pozzolanic activity became higher and simultaneously the water demand of WEP-cement mixture was reduced [10] . Based on these findings, in the present work the waste expanded perlite material was ground in a ball mill for 4 h. The change in the grain size distribution caused by grinding is presented in Fig. 1 . It can be seen that there are two populations of grains-of nanometric character (median equal to about 150 nm) and the other one in the range of micrometers (median equal to about 3.5 lm). Morphology of grains after grinding is presented in Fig. 2 .
Standard ordinary Portland cement CEM I 42.5R according to PN-EN 197-1 was used in experiments. Basic characteristic of cement is presented in Table 2 .
Methods
The heat of hardening was measured in the nonisothermalnonadiabatic microcalorimeter (of our own laboratory construction, from commercially available elements, equipped with computer-controlled registration and data refinement) on the pastes produced from 5 g cement samples with various (2-35 %) additions of ground waste expanded perlite at constant water/cement mass ratio = 0.5. The details of microcalorimetric experiments have been reported in the previous works [e.g., 11]. The example set of heat evolution curves is given in Figs. 3 and 4 .
Amount of nonevaporable water (W n ) was determined for the pastes prepared from the WEP-cement mixtures containing 0, 5, 10, 20 and 35 % of ground WEP addition, respectively. Cement and perlite were dry homogenized prior to mixing. The mixtures were thoroughly mixed with freshly distilled water cooled in sealed bottle to avoid carbonation. Water/cement ratio was kept constant at 0.5. The pastes were transferred to poly-ethylene test tubes (one for each paste and curing time) with lids, additionally sealed with parafilm and kept in water bath at temperature 25 ± 0.1°C. After a given period of time, the samples were taken out of the test tubes, crushed with mortar and pestle. Then, they were transferred to vacuum desiccator and dried over soluble anhydrite until the mass change was smaller than 1 mg per gram of sample per day. Then, sample was assumed to be dried to constant mass. Dry samples were ignited at 1000°C for 2 h. Amount of Samples with 10 and 20 % addition of ground WEP together with control OPC sample were subjected to the DTA/TG analysis in order to determine calcium hydroxide content within the samples. Thermal measurements were performed with Netzsch STA 449 F3 Jupiter apparatus. Rate of heating was 10°C min -1 . Measurements were performed in inert atmosphere of helium. Amount of CH was calculated on the basis of mass loss associated with CH thermal decomposition at about 450°C. Mass loss due to water release was determined through the digital integration of effect on DTG curve. Results were received as 
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Setting time ''mass% of paste'' and recalculated to mass% of ignited paste and mass% of ignited cement.
Results and discussion
Heat evolution measurements: rate of early hydration
The calorimetric measurements were performed in order to investigate the role of perlite in cement early hydration. The mixtures of cement with 0, 2, 5, 10, 20 and 35 % of ground WEP, respectively, were processed with relevant amount of water (see Table 3 ). The results illustrating the rate of heat evolution changes versus time, calculated per 1 g of cement in the mixture, as well as the heat evolved values, are plotted in Figs. 3-5 .
From the rate of heat evolution plots (Fig. 3) , one can conclude that the hydration of cement is strongly affected by the presence of vitreous expanded perlite additive. Addition of perlite does not influence the induction period. The induction period length and the reaction slow down are similar to OPC control sample and samples with ground WEP addition. Differences start to be visible in acceleration period after about 5 h of hydration. In case of control, OPC paste, the main effect has maximum at about 8.8 J g -1 h -1 after about 11 h. There is also an additional peak starting at about 15 h and lasting for about 7 h. The origin of that peak is related to hydration of aluminates residue, left unreacted after induction period has finished. The addition of ground WEP causes the increase in intensity of main heat effect. The maximum of the peak is also shifted toward the beginning of hydration. The most important differences one can observe for the additional peak associated with aluminates hydration. While for the control paste this effect has the form of a shoulder, in case of modified samples it becomes significant and dominating. The intensity of second peak increases with the increase in ground WEP addition up to 20 %. No significant differences can be found between 20 and 35 %. The intensification of aluminate peak is followed by sudden decrease in heat evolution rate. As a consequence in the case of pastes modified with ground WEP, the main effect is shortened as compared to the control paste.
In Fig. 4 , cumulative heat evolution curves are presented. Plot begins at 1 h, since the values determined during first hour are influenced by mixing procedure. Ground waste expanded perlite causes acceleration of cement hydration. One can see that in case of pastes modified with 5 and more mass% of ground WEP, the amount of heat released is higher during all the investigated period. The cumulative curve for the paste with 2 mass% addition is almost interfered with the one for reference sample though the plots illustrating the rate of heat evolution versus time do not cover so exactly. In order to analyze the course of hydration of pastes quantitatively, values of total heat evolved during hydration after 24, 32, 40 and 42 h are presented in Fig. 5 . One can notice that the highest values of heat released were recorded for paste with 20 % of ground WEP introduced into the paste. It suggests that the presence of ground waste expanded perlite brings about an acceleration of cement hydration. On the basis of heat release curves, one can suppose that both alite hydration (increase of main peak intensity) and aluminates hydration (spectacular increase in intensity of ''aluminate'' peak) are accelerated. Moreover, the data obtained from calorimetric measurements are in agreement with results of mechanical strength tests [10] . As it has been shown in the previous investigations, 10 and 20 % addition of ground WEP give best results after 24 and 48 h of curing as the early strength is concerned [12] . In general, it seems that the addition of ground WEP over 20 % is not profitable. Not only mechanical properties become worse but also water demand of blended systems increases significantly for ground WEP addition larger than 20 % of cement mass [12] .
Calcium hydroxide content
The changes of calcium hydroxide content are an important indicator of hydration course. Pastes containing 0, 10 and 20 % of ground WEP addition were subjected to DTA/ DTG analysis in order to determine the amount of calcium hydroxide within the paste. In Fig. 6 , the amount of calcium hydroxide as percent of mass of ignited cement is presented. One can conclude that up to 25 h of hydration, ground WEP-modified pastes act similarly to neat cement paste. Later, modified pastes exhibit lower calcium hydroxide content, comparing to control sample. The decrease in the amount of calcium hydroxide is roughly proportional to the amount of ground WEP introduced into the pastes. Obtained results show that ground waste expanded perlite poses pozzolanic properties, since it causes the dramatic reduction in calcium hydroxide content within the hardened pastes. In Fig. 7 , the content of calcium hydroxide for pastes containing different amounts of ground WEP is presented for 6000 h of hydration. One can see that the relationship is not linear. It suggests that in case of higher dosages of ground WEP, the hydration course somewhat differs from the hydration course of pastes with lower ground WEP content. The reason for that is the most probably the fact that pastes modified with ground WEP exhibit lower pore diameters and hence lower permeability. This is due to the pozzolanic action of ground WEP. The decrease in permeability of pastes results in hydration deceleration due to limited mobility of water and other substrates. It is especially important in case of pozzolanic reaction, which needs moisture to proceed. Results obtained for bound water content of pastes also confirm that observation.
Nonevaporable water content Figure 8 presents the nonevaporable water content in the pastes incorporating ground WEP. One can notice that from the point of view of nonevaporable water, the course of hydration can be divided into two periods. The first one occurs up to 24 h, when the amount of nonevaporable water is approximately equal for all the pastes except the one containing 35 % of ground WEP. In the following period, the amount of Wn starts to vary significantly for particular pastes. The higher the ground WEP content, the lower the nonevaporable water content. In order to avoid misinterpretation of this observation, it is necessary to have in mind that the nonevaporable water is connected with various cement hydration products and that the percentage of neat cement in the mixtures is different. Therefore, it is necessary to look at the results calculated taking into account the reduction in cement content, presented as ''% of ignited cement.'' Figure conclude that in the first period of hydration, the presence of ground waste expanded perlite brings about an increase in nonevaporable water content expressed as mass% of cement. The increase is approximately so significant that the content of Wn expressed as mass% of paste is constant up to 20 % of ground WEP addition. As one can see in Fig. 6 , during the first period of hydration no pozzolanic reaction was observed. It is important for further analysis of Wn content. In the second period of hydration, Wn content presented as mass% of ignited paste is lower for the pastes modified with perlite, but it is still higher than presented as mass% of cement. One can conclude that the increase in Wn content with respect to the neat cement content results from the fact that the ground WEP takes a part in the hydration process and contributes to the formation of higher C-S-H phase amount. However, analyzing the data in Fig. 9 one can notice that after 230 h of hydration, the content of nonevaporable water, calculated taking into account the percentage of neat cement in the mixtures, starts to decrease with respect to nonevaporable water content in the reference neat cement paste. It could indicate the retardation of hydration process in later hydration periods and hence allow to separate the third hydration period, during which the modification of hydration by ground WEP occurs slower, comparing to the control sample. But before such conclusion may be drawn, one more issue has to be taken into account. In pozzolanic systems during the hydration, the changes in phase compositions of products are observed. They depend on the degree of cement hydration on one hand as well as on the progress of pozzolanic reaction on the other hand. It means that the proportions between C-S-H phase and calcium hydroxide can vary. It is a very important issue in the light of the fact that the content of water in calcium hydroxide is different from that attributed to the C-S-H phase. In case of calcium hydroxide, the mass ratio of water to the mass of whole compound is about 24.3 %. In case of C-S-H phase, taking into account the C 1.7 SH 1.2 approximate formula for drying conditions [13] , similar to those used in present work is, the ratio is equal to about 12.2 %. Therefore, as the nonevaporable water is used as an indicator of degree and rate of hydration, this fact should be regarded too. It should be taken into account that one phase containing 24 % of water can be transformed into another which contains only 12 % of water. It means that the total amount of water can decrease with time, despite the fact that the overall degree of hydration is increasing. It is the specific situation for active, efficient pozzolana-bearing systems. In order to avoid the misinterpretation of results in such systems, it is useful to analyze the amount of bound water incorporated into hydrated phases other than calcium hydroxide, e.g., C-S-H phase and hydrated calcium aluminates. C-S-H phase is crucial, since it is a product of both clinker minerals hydration and the product of pozzolanic reaction, but because it is impossible in practice to distinct water bound in C-S-H and hydrated aluminates, these both phases can be considered as indicators of degree of hydration in pozzolanic system. Figure 10 presents changes in nonevaporable water content, but in this case, only the percentage of water incorporated in C-S-H phase and hydrated aluminates is taken into account. The values on the plots in Fig. 10 were obtained by subtraction of the mass of water released during calcium hydroxide thermal decomposition from the total mass of bounded water. One can see that the amount of nonevaporable water incorporated in the hydration products other than calcium hydroxide is higher in case of pastes modified with ground waste expanded perlite as compared to neat OPC paste. It allows to draw a conclusion that the degree of hydration in a system modified by pozzolanic additive is higher. Therefore, the higher the amount of perlite is, the higher the amount of hydration products, with respect to the control neat cement paste.
It can be seen that in longer periods of hydration, especially after 2760 h, the increase in percentage of water bound in phases other than calcium hydroxide starts to decelerate for the pastes containing ground waste expanded perlite. If one connects it with the data in Fig. 7 , a conclusion may be drawn that the rate of hydration in the OPC pastes modified by the ground waste perlite decreases at later age due to the reduction in permeability of hydrated cement matrix. This explains the data in Fig. 10 showing that the deceleration of bound water content growth is observed for ground WEP-bearing pastes. On the other hand, the data given in Fig. 7 can be explained too: The more the ground waste expanded perlite added, the more the additional hydration products present and the permeability of the matrix becomes lower. Therefore, for the pastes containing larger amounts of ground WEP, the efficiency of calcium hydroxide consumption is decreasing, since the pozzolanic reaction is slowed down due to the low diffusivity of the matrix and hence the lower availability of water for the reaction. The diffusion of other species, like calcium and silicates, is also seriously limited.
Conclusions
The following concluding remarks can be drawn directly or indirectly from the results presented above:
Ground waste expanded perlite is an effective pozzolanic additive to cement-based materials. It significantly reduces the amount of calcium hydroxide in the hydrating pastes. Addition of ground waste expanded perlite to OPC causes the increase in the amount of hydration products other than calcium hydroxide. The changes in rate and degree of pozzolanic reaction result in deceleration of hydration at later age for the ground WEP-modified pastes. The results suggest that it is due to the fact that the presence of waste expanded perlite results in more compacted microstructure. As a consequence, the diffusion coefficients become lower, what slows down the hydration in long periods.
Ground waste expanded perlite affects the course of OPC hydration not only in long periods, but also in early stages of hydration. The presence of ground WEP results in an increase in hydration rate during the acceleration period. It suggests that the hydration of alite is improved by the presence of ground waste expanded perlite. Other important issue is that presence of perlite significantly changes the calorimetric effect originating from hydration of unreacted aluminates. This is most probably caused by significant amount of alumina incorporated in this additive.
From the experimental point of view, the data thus obtained point the problem of distribution of nonevaporable water among the hydration product. Since the content of water in calcium hydroxide is about twice that in the C-S-H phase, the careful analysis is suggested for the systems where the pozzolanic reaction takes place, in order to avoid misinterpretations.
